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A B S T R A C T
Vanadium exists as a mobile and toxic trace metal in many alkaline residue leachates. Its removal and recovery
not only reduces a global environmental risk but is also critical to the emergence of innovative technologies and
the circular economy. In parallel, the use of treated biomass feedstock is receiving increased attention as a low
cost adsorbent for toxic metals in wastewater. This study investigated the adsorption of Vanadium (V) from
aqueous solution by KOH modified seaweed (Ascophyllum nodosum) hydrochar (HCKOH). The results showed that
HCKOH is an effective V(V) adsorbent, achieving maximum uptake of 12.3 mg g−1 at solution pH 4, 60min
contact time and temperature 293 K. The kinetics followed a pseudo second order model with film diffusion
controlling the overall adsorption rate. The type I adsorption isotherm was well fitted to a Langmuir model
(qm= 12.3mg g-1, R2= 0.970, RMSE=0.66) and a thermodynamic study indicated that the V(V) adsorption
was both exothermic and spontaneous. The low enthalpy change (-10.97 kJ mol−1) indicated a weak binding of
V(V) to HCKOH pointing to the possibility of V recovery. The impact of co-existing cations on V(V) uptake was
negligible for Na(I) and Ga (III) but was reduced slightly for Al(III). Desorption and re-adsorption results (3
cycles) indicated that HCKOH has reusable potential to remove and recover V(V) from waste leachates.
1. Introduction
Vanadium (V) is the 22nd most abundant element and 5th most
abundant transition metal in the earth’s crust with average concentra-
tions of 150mg kg−1. Its high tensile strength, hardness and fatigue
resistance means that it is used extensively as an additive in the iron
and steel industry as well as in the manufacture of automobiles, aero-
space components, ships and fertilizers [1]. Globally, in excess of 80 kt
of V is consumed annually with approximately 80 % being used for the
production of high strength and low alloy steels [2]. Waste by-products
from this and other industries, such as alumina refining and coal fired
power generation are frequently stored in landfill and/or residue dis-
posal areas which generate significant quantities of alkaline leachates
[3]. If released to the environment, these V enriched leachates can pose
significant human and animal health risks such as reduced respiratory
function, haematological disorders and kidney failure [4]. They can
also increase toxicity levels in the wider ecology [5] resulting in in-
hibition of microorganism and plant growth [1]. The toxicity of V in the
environment is strongly influenced by its geochemical characteristics
and these are predominantly dependent on its pH and oxidation state
but also on the organic matter content and cation exchange capacity of
the soil. Toxicity levels of V increase with increasing oxidation state and
its most toxic and mobile form is V(V), which leaches easily from soil to
water [1,6]. As V is a critical metal [7] and simultaneously a hazardous
pollutant, it is important to develop an effective way to remove it from
industrial effluent with potential for its recovery. Many V treatment
techniques such as coagulation, chemical precipitation, membrane se-
paration, ion exchange, reverse osmosis and biological treatment have
been reported [8–10]. However adsorption is generally regarded as the
most efficient process due to its simplicity of operation, flexibility in
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design and operation, low environmental impact, cost effectiveness and
ability of adsorbents to be regenerated [11–13]. The choice of ad-
sorbent is an important consideration and development of this tech-
nology relies on finding cheap and sustainable adsorbent materials
which have good sorption and regeneration properties. A range of ad-
sorbent materials have been used to remove metal species from waste
waters, including mineral organic materials, activated carbon, zeolites,
wastes, biomass or natural and synthetic polymeric materials [14–17].
The use of natural material or its derivatives as a V adsorbent has re-
ceived considerable attention and recent efforts have been made to
develop low cost absorbents from materials such as red mud and saw-
dust [18], municipal sludge [9], zeolite [19] and pine bark [20]. Nat-
ural marine material such as seaweed is also gaining increased attention
as a low-cost adsorbent [21] and seaweed derived hydrochar is a pro-
mising adsorbent for V(V) removal because of its low cost and abun-
dance of surface functional groups; however research on its application
in environmental remediation remains limited. Hydrochar is produced
by heating organic matter to 180–250 °C in the presence of water via
hydrothermal carbonisation to produce carbon rich material. There are
several methods by which the adsorption properties of hydrochar can
be chemically, physically or biologically modified to increase uptake.
One such option is surface modification using acid or alkaline treat-
ments, which introduce functional groups or positively charged sites to
improve uptake of anionic pollutants [22]. While many studies have
examined the effectiveness of surface modified hydrochars to remove
various pollutants [23–25], none have been carried out for the removal
of V(V), using KOH modified seaweed hydrochar. Additionally, the
potential to recover V(V) and regenerate KOH modified seaweed hy-
drochar has not been examined. Modification of seaweed hydrochar by
KOH has the potential to functionalize its surface characteristics, se-
lectivity and specificity and may enhance its V(V) adsorption capacity
and rate of uptake. The purpose of this study therefore was to i) in-
vestigate the ability of KOH surface modified seaweed hydrochar in the
removal of V(V) from aqueous solution, ii) investigate the influences of
solution pH, contact time, temperature and co-existing cations on ad-
sorption uptake, iii) elucidate possible adsorption mechanisms and iv)
examine the desorption and regeneration potential of the hydrochar. It
is anticipated that the findings of this work will assist in the design and
development of a continuous flow process for the removal and recovery
of V from alkaline residue leachates.
2. Experimental
2.1. Materials
Seaweed (Ascophyllum nodosum) was provided by Talty's in
Lissycasey, Co. Clare, Ireland and stored in sealed polyethylene bags at
room temperature. Aqueous solutions were made up using Ammonium
Metavanadate (NH4VO3), Gallium Nitrate (Ga(NO3)3), Aluminium
Nitrate (Al(NO3)3), Potassium Hydroxide (KOH), Sodium Hydroxide
(NaOH), Sodium Chloride (NaCl), Hydrochloric acid (HCl) and Nitric
acid (HNO3) were purchased from Sigma–Aldrich.
2.2. Adsorbent preparation
Hydrothermal carbonization of seaweed to produce hydrochar (HC)
samples was carried out using previously described methods [26] in an
8.0 L parr stirred pressure reactor fitted with a removable glass liner.
Approximately 200 g of seaweed (Ascophyllum nodosum) was loaded
into the glass liner with one litre of distilled water and thoroughly
mixed for 30min. The glass liner and suspension were then placed in
the stainless steel reactor, which was sealed and purged with nitrogen
for 10min to evacuate any residual air. Stirring commenced and the
reactor was heated to the required treatment temperature (200 °C)
using a PID controller and maintained for 10min. During this time, the
reactor pressure was continuously monitored, and following this the
heating was turned off and the reactor was rapidly cooled to room
temperature by immersion in a cold water bath. The HC was then re-
covered as a solid residue by vacuum filtration and dried at 60 °C
overnight. The dried HC samples were crushed to<0.75mm, homo-
genised and stored in an airtight container at room temperature.
Modification of the HC samples was carried out by mixing 10 g of HC
with 100mL of 2M KOH solution and stirring for 2 h at room tem-
perature [23]. The solution was then vacuum filtered and the solid
residue washed with deionized water until it reached neutral pH. The
modified hydrochar (HCKOH) was then dried overnight at 60 °C, crushed
to< 0.75mm, homogenised and stored for use in an airtight container
at room temperature.
2.3. Adsorbate solution preparation
Ammonium Metavanadate (NH4VO3), Sodium Chloride (NaCl),
Aluminium Nitrate (Al(NO3)3) and Gallium Nitrate (Ga(NO3)3) reagents
were used for preparing 1000mg L−1 stock solutions of V(V), Na(I), Al
(III) and Ga(III), respectively. The solutions used in subsequent ex-
periments were freshly prepared by serial dilution of the stock solutions
and the pH was adjusted using 1.0M NaOH and HCl or HNO3.
2.4. Characterisation methods
Elemental composition of HC and HCKOH was carried out by acid
digestion using an inductively coupled plasma-Agilent Technologies
5100 ICP-OES (BS EN 15290:2011). The pore size, volume, radius and
surface area were evaluated by N2 adsorption/desorption isotherms at
77 K (BET analysis) using an automatic volumetric system
(Quantachrome Instruments 1900 Corporate Drive). Fourier trans-
formed infrared spectra (FTIR) (range 4000−600 cm−1) were obtained
using a Cary 630 spectrometer and surface morphologies were in-
vestigated using a Hitachi S-2700 scanning electron microscopy (SEM)
equipped with an energy dispersive spectrometer (EDS). X-ray
Photoelectron Spectroscopy (XPS) analysis was performed using a
Kratos AXIS Ultra XPS. All measurements were performed in triplicate
(n= 3).
2.5. Point of zero charge
The point of zero charge (pHpzc) of HCKOH was determined at 293 K
by making up a series of 30 mL solutions of 0.05M NaCl in 50mL
centrifuge tubes [18]. The initial pH of each solution was adjusted in
the range 2–10 using either 1.0M HCl or NaOH solution before addition
of 0.1 g of HCKOH to each tube. The suspensions were then shaken (IKA
130 Basic orbital shaker) for 24 h at room temperature and the final pH
of each solution measured (SparkVue 4.1.0 pH meter). The differences
between the initial and final pH values (ΔpH) were plotted against the
initial pH and the point of intersection of the resulting curve with the x-
axis defined the pHpzc.
2.6. Batch adsorption experiments
Batch adsorption experiments (n= 3) were carried out using 25mL
of V(V) pure solutions mixed with HCKOH adsorbent applied at pre-
viously established loading rates [18,27] in 50mL polypropylene cen-
trifuge tubes to determine optimum process parameters of (i) solution
pH, (ii) contact time and (iii) temperature. These parameters were then
used to investigate (a) adsorption isotherms and (b) the effects of co-
existing Na, Ga, and Al cations on V(V) uptake. All samples were shaken
(IKA 130 Basic shaker) and filtered (0.45 μm syringe filters) before
being measured for pH (SparkVue 4.1.0 pH meter) and metal ion con-
centrations (inductively coupled plasma-optical emission spectroscopy,
Agilent Technologies 5100 ICP-OES). The adsorption capacity (qe, mg
g−1) of HCKOH was calculated (Eqn. 1; [28]) and all results are reported
as average values with standard deviations indicated (SD).











where Co and Ce (mg L-1) are the initial and equilibrium V(V) con-
centrations respectively, V is the volume of solution (L) and W is the
mass of adsorbent (g).
(i) Solution pH
Initial V(V) concentrations (25mg L−1) were adjusted to pH 2–12,
mixed with 50mg of HCKOH and shaken for 24 h.
(ii) Contact time
Initial V(V) concentrations (25mg L−1, pH 4) were mixed with
50mg of HCKOH and shaken for 5–360min.
(iii) Temperature
Initial V(V) concentrations (25mg L−1, pH 4) were mixed with
50mg of HCKOH and shaken for 180min at a temperature range
293–343 K.
The optimum established process parameters of pH, contact time
and temperature were used for the following experiments
(a) Adsorption isotherms
Initial V(V) concentrations (5–70mg L−1, pH 4, 293 K) were mixed
with HCKOH, at a rate of 2 g L−1, shaken for 180min, filtered and the
supernatant measured for V(V) concentrations.
(b) Co-existing cations
Initial V(V) concentrations of 25mg L−1 were combined with so-
lutions of either Na(I) (250, 500, 1000, 2000mg L−1), Ga(III) (2, 4, 8,
10 mg L−1) or Al(III) (50, 100, 150, 200mg L−1) at a HCKOH application
rate of 2 g L−1, pH 4, contact time 180min, and temperature 293 K. The
supernatant was filtered and measured for V(V) concentrations.
2.7. Desorption and regeneration experiments
In order to determine the reusability of HCKOH for V(V) adsorption,
three consecutive desorption-adsorption cycles were carried out at
293 K and pH 4 using an average initial simulated V(V) solution con-
centration of 25mg L−1 (n= 3). After each cycle, the V(V) loaded
HCKOH sample was mixed with 2M KOH solution (∼10 % w/v), shaken
for 2 h at room temperature after which the solutions were filtered. The
filtered residue was then washed several times with distilled water until
it reached neutral pH, oven-dried at 60 °C overnight before being used
to repeat the adsorption process again. The uptake (qe, mg g-1) of
HCKOH for each cycle was calculated using Eqn. 1.
3. Results and discussion
3.1. Characterization of unmodified (HC) and modified (HCKOH)
hydrochars
The results of conventional acid digestion analysis (Table 1) re-
vealed that both HC and HCKOH were dominated by elements of Ca, K,
Na and Al which most likely related to the composition of marine
material [29,30]. The surface area of HCKOH (11.3 m2 g−1, Table 1) is
less than those typically associated with activated carbon (620 -
2920m2 g−1) [31], higher than NaOH modified pine bark (0.41 –
0.43m2 g−1) [20], and comparable to those of illite, kaolinite and
chlorite clay minerals (1.13–27.19m2 g−1) [32]. Process parameters
employed during HC, such as temperature and reaction time, as well as
chemical activation are known to impact hydrochar properties, with
higher temperatures generally resulting in wider pore structures and
larger surface areas [33]. It is possible therefore that an enhanced
surface area might be achieved by increasing the HC process tem-
perature above 200 °C and reaction time above 10min. It is also likely
that during the HC process residual oils from the seaweed may have
deposited on the hydrochar surface, inhibiting pore development and
contributing to a reduced surface area [32]. The measured pore volume
of HCKOH (0.55 cm3 g−1, Table 1) was quite low when compared with
red mud modified biochar [18]; however, it was comparable with hy-
drochars from industrial macroalgae [34], KOH activated carbons from
the vegetable tanning industry [35] and biochar derived from corn
straw [36]. The FTIR spectra (Fig.1) showed that after modification,
peaks at 3342 cm−1 (−OH stretching vibration) and 2925 cm-1
Table 1
Characterization of physical and elemental properties of the unmodified (HC)
and KOH modified (HCKOH) hydrochars (n= 3). The pore size, volume, radius
and surface area were evaluated by N2 adsorption/desorption isotherms at 77 K
(BET analysis) using an automatic volumetric system (Quantachrome
Instruments 1900 Corporate Drive). Elemental composition was carried out by
acid digestion.
Parameter HCKOH HC
Surface area (m2 g−1) 11.30 –
Pore size (nm) 0.022 –
Pore volume (cm3 g−1) 0.55 –
Pore radius (A°) 19.40 –
Elemental composition (%wt/wt on dry basis)
K 6.31 ± 0.14 1.65 ± 0.02
Na 0.22 ± 0.01 2.29 ± 0.01
Ca 1.83 ± 0.04 1.65 ± 0.04
Al 0.02 ± 0.00 0.03 ± 0.00
Fig. 1. Top: FTIR spectra of HC and HCKOH. Bottom: (A) EDS spectra of V-
loaded HCKOH and (B) XPS spectra of HCKOH and V-loaded HCKOH.
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(aliphatic C–H stretching) [29,30] were more intense than those of HC
due to the large density of hydrogen bonds, indicating that hydroxyl
groups have been formed on HCKOH surface. However, the obvious
changes were in the peak range of 1611−676 cm−1, confirming the
modification. The peaks at 1611 cm−1 (C]C vibrations in aromatic
structures) [29,30,37] and between 650 cm−1 and 800 cm-1 (C–H vi-
brations in aromatic structures) [38] disappeared in the FTIR spectrums
of HCKOH, indicating a reduction in aromatic content. The intensity of
peaks at 1544 cm-1 (stretching vibration of C]O) [24], 1380 cm-1
(carboxyl group) [39] and around 1060 cm-1 (stretching vibration of
CeO) [30] increased significantly in the HCKOH spectrum, confirming
the improvement in the oxygenated functional groups. Based on these
observations, it is clear that the alkaline treatment significantly mod-
ified the surface functional groups of the HC.
The EDS analysis conducted for V(V) loaded HCKOH (Fig.1A) con-
firmed the presence of V as well as peaks of C, O, S, Mg and Ca. X-ray
photoelectron spectroscopy (XPS) analysis for V(V) loaded HCKOH
showed that the peak is located at 515.9 eV (Fig.1B) and can be at-
tributed to V 2p3/2, suggesting the existence of electronic interactions
between V and HCKOH [40].
3.2. Effect of solution pH on adsorption
The pHZPC of approximately 7 (Fig.2A) means that the HCKOH ad-
sorbent is positively charged in acidic solutions (pH < pHZPC) and
negatively charged in alkaline solutions (pH > pHZPC). Previous stu-
dies have reported that solution pH significantly influences V(V) ad-
sorption onto chitosan nanoparticles and nanocomposites [41,42] and
in this study the adsorption of V(V) solution onto HCKOH was similarly
influenced by pH (Fig.2B). The V adsorption capacity (qe) increased
sharply from 3.14mg g−1 to its maximum value of 8.6mg g−1 with an
increase in solution pH from 1.5 to 3.8. As the solution pH further in-
creased to pH 8.0, the qe correspondingly decreased to a minimum
value of 0.42mg g−1. This suggests the existence of a narrow pH range
from pH 3.25–4.5, centred on pH 4, where effective V(V) adsorption
occurs (Fig.2B). This finding can be further explained by considering
the impact of solution pH on the V(V) species and on the surface charge
of the adsorbent (HCKOH). At pH < 3, the V(V) becomes cationic in
nature with VO2+ as the predominant species [27] while at pH > 3 the
V(V) tends towards anionic species, mainly in the form H3V2O7- [9,43].
Since the HCKOH has pHpzc of approximately 7, it has a net positive
surface charge at a pH < pHpzc, however, its surface develops a ne-
gative charge at pH > pHpzc [44]. Therefore, low adsorption of V(V)
onto HCKOH at strong acidic solution (pH < 3) is as a result of the
electrostatic repulsion between VO2+ and the positively charged active
HCKOH sites [41]. However, as the V(V) solution increases to pH > 3,
the concentration of H3V2O7- also increases thereby increasing the
electrostatic attraction between anionic H3V2O7- and positive groups on
the HCKOH surface [43]. The resultant maximum qe occurs at a solution
pH of 4. The decline in qe at solution pH > 4 occurs as the functional
groups start to ionize to a negatively charged form and this results in an
increasingly strong repulsion with anionic V(V) forms as pH continues
to increase [42]. These observations are in agreement with previous
studies which reported an optimum pH in the acidic range for V(V)
adsorption to a variety of adsorbent materials [41,42]. The current data
indicates that the optimal solution pH for V(V) removal by HCKOH is pH
4 (Fig.2B) and therefore all subsequent experiments were carried out at
this pH.
3.3. Effect of contact time on adsorption
The adsorption of V(V) onto HCKOH in the first 5 min of contact
occurred at a rate of 0.915mg g−1 min−1 and then reduced to
0.069mg g−1 min-1 between 5 and 60min of contact. At t> 60min,
there was no increase in the adsorption rate and the uptake remained
constant at approximately 8.5mg g−1 (Fig.3A). The rapid increase in V
(V) adsorption at the initial stage is reflective of the widespread
availability of active surface sites [43] which decreased with time until
qe stabilised due to saturation of the adsorption sites [41,42]. These
data indicate that the equilibrium contact time for V(V) removal by
HCKOH is 60min and was therefore selected as the optimal contact time
for all subsequent experiments.
The kinetics of V(V) adsorption onto HCKOH were evaluated using
non-linear regression analyses of the pseudo-first-order (PFO) model
[45] and pseudo-second-order (PSO) model (Eqs. 2 and 3 respectively)
from which the kinetic parameters were determined. The coefficient of
determination (R2) and the root mean square of the error (RMSE) were
used to assess the goodness of fit with the experimental data [46]. The
intra-particle diffusion model ([47]; Eq.4) was used to further in-
vestigate the adsorption mechanisms of V(V) onto the HCKOH adsorbent
[42,44].









= +αq k tt i 1/2 (4)
where qe (mg g−1) and qt (mg g−1) are the adsorption capacities of the
V(V) at equilibrium and time t (min) respectively, k1 (min−1) and k2 (g
mg−1 min−1) are the kinetic constants of the pseudo-first order model
and pseudo-second order model respectively, while ki (mg g−1 min-1/2)
is the intra-particle rate diffusion constant and α (mg g−1) is the
equilibrium constant related to the boundary layer thickness [48].
The adsorption capacities of the PFO and PSO models (8.32 and
9.02mg g−1 respectively) were consistent with those obtained
Fig. 2. (A) Zero point charge (pHPZC) of HCKOH at 293 K and (B) Effect of solution pH on uptake by HCKOH using V(V) concentrations of 25mg L−1 and 2 g L−1 of
HCKOH with optimal pH range 3.25 – 4.5 indicated. All experiments were carried out at n= 3. Error bars indicate SD.
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experimentally (qe= 8.69mg g−1). However the PSO had slighter
higher R2 and lower RMSE values (0.966 and 0.50 respectively) when
compared with those of the PFO (0.928 and 0.77 respectively)
(Table 2), indicating that the pseudo-second order kinetic model had a
higher overall correlation and was thus a better fit to the experimental
data (Fig.3A).
The intra-particle diffusion model (Fig.3B) revealed two linear plots,
indicating that two or more steps influence the sorption process. The
first step, indicated by the steeper linear region, depicts mass transfer of
the adsorbate across the film layer onto the adsorbent surface (film
diffusion), while the second linear region depicts intra-particle diffusion
[43,44]. The values of ki and αi were calculated from the slopes and
intercepts respectively of the linear equations (Table 2). These indicate
that the initial rate of adsorption for film diffusion is much quicker than
that for intraparticle diffusion (Ki,1> Ki,2). Moreover, the increase in αi
(α2> α1), indicates a reduction in the mass transfer rate with time,
likely due to a reduction in the concentration gradient across the
stagnant film surrounding the adsorbent particles. In order to determine
the rate limiting steps of the adsorption process, the equations of Boyd’s
model [49], as developed by Reichenberg, (1953) [50] were used (Eqs.
5 and 6). This model assumes that intraparticle diffusion is rate limiting
if a plot of Bt against time results in a straight line that passes through
the origin. However, if the plot is non-linear or if it is linear but does not
pass through the origin then film diffusion is rate limiting.
= − − − >Bt ln π
6







≤π π πBt F(t)
3
, for F(t) 0.85
2 2
(6)
where Bt is Boyd’s number and F(t) = q/qe at time t.
The plot of Bt against time (Fig.3C) was linear and passed through
the origin up to t =60min, indicating that intraparticle diffusion was
rate limiting. At t> 60min the data did not produce a line that passed
through the origin and so film diffusion or external mass transfer be-
came the rate limiting step during this period. External mass transfer
has similarly been observed as the rate limiting process for biosorption
of lead (II) onto wood sawdust [51].
Fig. 3. Fits of the sorption kinetic data of V(V) onto KOH modified hydrochar using (A) pseudo first and second order equations, (B) Intra-particle diffusion model
and (C) Boyd model. All experiments (n= 3) were carried out at 293 K and solution pH 4. Error bars indicate SD.
Table 2
Kinetic parameters, coefficients of determination (R2) and root mean square of the errors (RMSE) for adsorption of V(V) ion onto HCKOH adsorbents. All experiments
were carried out at 293 K and pH 4.
pseudo-first-order pseudo-second-order Intra-particle diffusion
qcal k1 R2 RMSE qcal k2 R2 RMSE ki,1 ki,2 α1 α2
(mg g−1) (min−1) (mg g−1) (g mg−1 min-1) (mg g−1 min-1/2) (mg g−1)
8.32 −0.0898 0.928 0.775 9.02 0.0149 0.966 0.503 0.705 0.042 2.82 8.13
Fig. 4. (A) Effect of temperature on uptake of V(V) onto HCKOH for initial V(V) concentrations of 25mg L−1, HCKOH dosage rate of 2 g L−1 and pH 4, and (B)
Arrhenius plot for adsorption of V(V) onto HCKOH at temperature range 293 – 343 K. All experiments were carried out at n= 3. Error bars indicate SD.
B. Ghanim, et al. Journal of Environmental Chemical Engineering 8 (2020) 104176
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3.4. Effect of temperature on adsorption
The uptake of V(V) on HCKOH remained approximately constant
around 8.74mg g−1 at 293 and 313 K but reduced to approximately
6.34mg g−1 between 313 and 343 K (Fig.4A). The reduction in qe with
increasing temperature may be due to a weakening attraction between
the V(V) ions and the HCKOH surface [42]. These results show that
adsorption of V(V) onto HCKOH was optimum at room temperature
(293 K) thus increasing its potential as a passive adsorbent of V(V).
Changes to the main thermodynamic parameters of Gibb's free en-
ergy ΔG° (kJ mol−1), enthalpy ΔH° (kJ mol−1) and entropy ΔS° (J mol-1
K−1) were determined by measuring the adsorption of V(V) onto HCKOH
at different temperatures between 293 and 343 K (Eqs.7–10).




° = −ΔG RT lnKc (8)
° = ° − °Δ Δ ΔG H T S (9)




where Kc is the thermodynamic equilibrium constant; Co (mg L−1) and
Ce (mg L−1) are the initial and equilibrium V(V) concentrations re-
spectively. R (8.314 J mol-1 K-1) is the gas constant, and T (K) is the
temperature of the adsorption process [52,53]. The Kc and ΔG° can be
calculated (Eqs.7 and 8 respectively), while ΔS° and ΔH° are obtained
from the intercept and slope respectively of the plot of lnKc versus 1/T
(Fig.4B).
The calculated ΔG values were negative but increased with in-
creasing solution temperatures, indicating that V(V) adsorption was a
more spontaneous and favourable process under lower temperatures
(Table 3). The low ΔH° value (-10.97 kJ mol−1) indicates that the ad-
sorption reaction was exothermic with a weak binding capacity [53].
This was further confirmed by the decreasing Kc values with increasing
solution temperature (Table 3). It is likely that the binding capacity
represented a physical or weak electrostatic interaction, where proto-
nated and therefore positively charged OH2+ surface groups bound in a
V(V) anionic species (H3V2O7-). The negative value of ΔS° shows de-
creased randomness at the solid/solution interface during V(V) ad-
sorption to HCKOH. Similar observations were found for V(V) removal
from solution by magnetic chitosan nanoparticles [41] and chitosan/
clinoptilolite nanocomposites [42].
3.5. Adsorption isotherms
The plot of the equilibrium uptake of V(V) (qe) versus equilibrium
concentration (Ce) represents a type I isotherm and therefore both the
Langmuir and Freundlich isotherm models can be applied [31] (Fig.5).
A non-linear regression analysis was used to fit the Langmuir and









=q K Ce F e
1
n (12)
where qe and qm (mg g−1) are the experimental and the maximum
adsorption capacities respectively, Ce (mg L−1) is the equilibrium V(V)
concentration in solution. KL (L mg−1) is the Langmuir constant re-
lating to the adsorption energy, and KF (L g−1) and n are Freundlich
constants relating to adsorption capacity and adsorption energy, re-
spectively [42,44].
The Langmuir isotherm model was better fitted (R2=0.970,
RMSE=0.663) to the experimental data than the Freundlich model
(R2= 0.941, RMSE=0.935) (Table 4). The Langmuir model is based
on the assumptions that (i) all adsorption sites have the same energy,
(ii) the maximum adsorption occurs when the homogeneous surface of
the adsorbent is filled with a monolayer of adsorbate molecules, (iii)
there is no interaction between the adsorbed molecules and (iv) surface
reaction is the rate limiting step [42].
The maximum adsorption capacity of V(V) onto the HCKOH
(12.33 mg g−1) is less than that reported for iron based oxyhydroxide
adsorbents (25–111mg g−1) [54], higher than those reported for ad-
sorption onto clay minerals of kaolinite (0.76−0.78mg g−1) and
montmorillonite (0.56−0.98mg g−1) [44], and comparable to those
observed for surface modified palm fruit husk (16mg g−1) [55] and Fe
(III)/Cr(III) hydroxide waste (11.43 mg g−1) [56].
The efficiency of the adsorption process can be predicted using a
dimensionless separation factor (RL) ([57]; Eq.13), which indicates
whether the adsorption is irreversible (RL= 0), linear (RL= 1), fa-




(1 K C )L L 0 (13)
where Co (mg L−1) is the initial V(V) concentration.
A plot of Co versus measured adsorption rates (Fig.6A) represents a
convex or favourable shape, while the decreasing values of RL
(0.56−0.09) with increasing Co indicate that adsorption is more
Table 3
Thermodynamic adsorption parameters for V(V) ion onto HCKOH adsorbents for
temperature range 293 – 343 K. All experiments (n= 3) were carried out using
initial V(V) concentrations of 25mg L−1 at pH 4, mixed with 2 g L−1 of HCKOH
and shaken for 180min.
Temperature (K) Thermodynamics Parameters
Kc ΔG°(kJ mol−1) ΔH°(kJ mol−1) ΔS°(J mol−1 K-1)





Fig. 5. Langmuir and Freundlich isotherm models fitted to adsorption data of V
(V) solution onto KOH modified seaweed hydrochar (HCKOH). All experiments
(n= 3) were carried out at 293 K, pH 4 and 180min contact time. Error bars
indicate SD.
Table 4
Isotherm parameters, coefficients of determination (R2) and root mean square
of the errors (RMSE) for adsorption of V(V) ion onto KOH modified seaweed
hydrochar (HCKOH).
Langmuir isotherm Freundlich isotherm
qm KL RL R2 RMSE KF 1/n R2 RMSE
(mg g−1) (L mg−1) (L g−1)
12.33 0.166 0.237 0.970 0.663 3.22 0.339 0.941 0.935
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favourable for the higher initial V(V) solution concentrations than the
lower ones (Fig.6B). This further validates the earlier assertion that
following the initial rapid uptake, the adsorption mechanism switches
from mass transfer diffusion control to pore diffusion control as the
concentration gradient across the adsorbent film reduces.
3.6. Effect of co-existing cations
The co-existing cation experiments were carried out in the context
of assessing whether HCKOH might act as a potential adsorbent of V(V)
from industrial alkaline waste leachates which are likely to contain
many competing ions, in particular Al, Na and Ga [3]. The adsorption
levels of V(V) were largely unaffected by the presence of Na(I) and Ga
(III) cations but were reduced slightly with increasing concentrations of
Al(III) (Fig.7). This might be explained by the ability of the Al(III) to
first occupy some of the sites at a higher concentrations than V(V)
thereby hindering V(V) adsorption onto HCKOH active sites. This is
supported by the relatively high molar ratio of Al:V in solution which
ranged from 3.8 for 50mg L−1 to 15.1 for 200mg L−1. In contrast the
molar ratio of Ga:V ranged from just 0.1 for 2mg L−1 to 0.3 for
10mg L−1 and this may explain the negligible effect of Ga(III) on V(V)
adsorption to HCKOH. Interestingly however the presence of Na(I), even
at concentrations up to 2000 ppm, did not hinder the capacity of HCKOH
to adsorb V(V) despite the high molar ratios of Na:V ranging from 22.2
for 250mg Na(I) L−1 to 177.3 for 2000mg Na(I) L−1. This might be
attributed to the effect of bridging by the Na+ ions which may have had
a weak electrostatic attraction to the HCKOH surface at pH≥ 4 and then
acted as bridges to attract H3V2O7- anions in solution [44], hence
maintaining a consistent level of V(V) adsorption to the HCKOH.
Therefore, complexation of the metals (V(V) and Na(I)) and particle
bridging was the likely main mechanism of V(V) adsorption in the
presence of high Na(I) concentrations.
3.7. Desorption and reusability
The average initial and cycle 1 V(V) adsorption rate of
8.65 ± 0.06mg g−1 decreased by just under 1mg g−1 to
7.73 ± 0.16mg g−1 for cycles 2 and 3 which corresponded with their
average final V(V) concentrations of 8.67 ± 0.39 and 9.76 ± 0.03mg
L−1 respectively (Fig.8). This is consistent with the finding that the V
(V) is loosely bound to the HCKOH. However while these results indicate
that HCKOH has reusable potential as a V(V) adsorbent, it was noticeable
during the desorption experiments, that the physical condition of the
HCKOH deteriorated with minor loss of material with each cycle. It is
likely that the relatively harsh pH conditions (acidic environment) will
be a limiting factor in the longevity of the HCKOH and therefore it’s long
term mechanical stability may need to be investigated, together with
other physical parameters such as particle size, hydraulic conductivity
and porosity in a continuous flow system [58].
4. Conclusions
This study demonstrates that HCKOH is an effective adsorbent of V
(V) from aqueous solution achieving a maximum uptake of 12.3 mg g−1
at solution pH 4, 60min contact time and temperature 293 K. The re-
latively weak adsorption bond (ΔH° = -10.97 kJ mol−1) between
Fig. 6. Plots of initial V(V) concentrations versus (A) measured adsorption rates and (B) Langmuir separation factor, RL. All experiments (n=3) were carried out at
293 K, pH 4 and 180min contact time.
Fig. 7. Effect of co-existing cations on V(V) adsorption onto KOH modified seaweed hydrochar (HCKOH) at pH 4 and temperature 293 K (n=3). Control refers to
adsorption experiments carried out using V(V) only. Error bars indicate SD.
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solution V(V) and the HCKOH indicates that V(V) recovery looks pro-
mising as does the reusability of the HCKOH, even though its mechanical
stability may need to be improved. In addition, the ability of HCKOH to
adsorb V at consistent levels when mixed with solutions of competing
Na (250–2000 ppm), Ga (2–10 ppm) and Al (50–200 ppm) cations en-
hance its suitability as an effective adsorbent for selected alkaline
wastes. These findings will inform future development of a continuous
flow process for the removal and recovery of V from alkaline residue
leachates.
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